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In the fixed energy environment of the e + e − collider DAΦNE, KLOE can measure the cross section of the process e + e − → hadrons as a function of the hadronic system energy using the radiative return method. At energies below 1 GeV, e + e − → ρ → π + π − is the dominating hadronic process. We report here on the status of the analysis of the process e + e − → π + π − γ. Some preliminary results on the invariant mass spectrum of the two pion system, obtained from the analysis of ∼ 22.6 pb −1 , are presented.
1 Measuring hadronic cross section at DAΦNE
The radiative return method
DAΦNE 1 is an e + e − storage-ring collider working at the φ resonance (1020 MeV). As an experiment at a collider with a fixed centre of mass energy, KLOE can measure the hadronic cross section σ(e + e − → hadrons) as a function of the hadronic system energy using the radiative return method 2 3 , i. e. studying the process e + e − → hadrons+γ. The emission of one photon before the beams interact (Initial State Radiation) lowers the interaction energy and makes possible to produce the hadronic system with an invariant mass varying from the φ mass down to the production threshold. The method represents an alternative approach to the conventional energy scan used so far for hadronic cross section measurements. A very solid theoretical understanding of Initial State Radiation (described by the radiation function H) is mandatory in order to extract the cross section σ(e + e − → hadrons) as a function of M 2 had from the measured differential cross section dσ(e + e − → hadrons+γ)/dM 2 had :
where M 2 had and θ had are the invariant mass squared and the acceptance cut on the polar angle of the hadronic system. Radiative corrections to the Born process e + e − → hadrons have been calculated by different theoretical groups 4 5 6 up to the NLO for e + e − → π + π − . The radiation function H is known at present with an accuracy of better than 1%. We want to stress that the radiative return method has the merit compared with the conventional energy scan that the systematics of the measurement (e.g. normalization, beam energy) are the same for any experimental point and must not be evaluated at each energy step.
Hadronic cross section at KLOE
At energies below the φ mass, the main contribution to hadron production comes from the ρ meson, i. e. from the process e + e − → ρ → π + π − . For this reason we concentrated at KLOE on the analysis of the radiative process e + e − → π + π − γ.
The measurement of hadronic cross section plays an important role in the reduction of the theoretical error of the muon anomalous magnetic moment, a µ , and of the running electromagnetic constant at the Z mass, α(M Z ), dominated by the uncertainty on the contribution of hadrons to the photon vacuum polarization. At low energies, where perturbative QCD is not applicable, the hadronic contributions to a µ and to α(M Z ) are evaluated via a dispersion integral using the measurements of hadronic cross sections. In the e + e − data approach 7 , based on available e + e − → hadrons data up to 12 GeV, the energy range covered by KLOE is responsible for ∼ 67% of the present error on a µ and for ∼ 17% of the error on α(M Z ). The use of τ data in these calculations 8 reduces the weight of the energy region below about 2 GeV but the validity of this method is not universally accepted.
2 Analysis of the process e + e − → π + π − γ
Signal selection
The selection of e + e − → π + π − γ events is done in the following steps:
• detection of two charged tracks, with polar angle larger than 40 o , coming from a vertex in the fiducial volume R < 8 cm, |z| < 15 cm. The cuts on the transverse momentum p T > 200 MeV or on the longitudinal momentum |p z | > 90 MeV reject tracks spiralizing along the beam line, ensuring good reconstruction conditions. The probability to reconstruct a vertex in the drift chamber is ∼ 95% and has been studied with Bhabha data, selected using the calorimeter only. This efficiency and the track reconstruction efficiency are going to be also evaluated using π + π − π 0 events selected by detecting π 0 in the electromagnetic calorimeter.
• identification of pion tracks. A Likelihood Method (calibrated on real data), using the time of flight of the particle and the shape of the energy deposit in the electromagnetic calorimeter, has been developed to reject the e + e − → e + e − γ background. e + e − γ events are drastically reduced. A control sample of π + π − π 0 has been used to study the behaviour of pions in the electromagnetic calorimeter and to evaluate the selection efficiency for signal events, which turns out to be larger than 98%. The effect of the selection on π + π − γ and e + e − γ events is visible in the left plot of Fig. 1, as momentum conservation, under the hypothesis that the final state consists of two particles with the same mass and one photon. For each event class (µ + µ − γ, π + π − γ) the track mass distribution is peaked at the physical mass. π + π − π 0 events populate the region on the right of the π + π − γ peak.
• cut on the track mass. µ + µ − γ events are rejected by a cut at 120 MeV in the track mass. The discrimination between π and µ using calorimeter information is not helpful since pions behave frequently like minimum ionizing particles. After this cut we find a contamination of µ + µ − γ background smaller than 1%. π + π − π 0 events are rejected with a cut in the two-dimensional distribution of the track mass versus the two pion invariant mass squared, M 2 ππ , shown in the right plot of Fig. 1 . Due to the large production cross section for these events (BR(φ → π + π − π 0 ) ∼ 15%, σ ∼ 500 nb) and the similar kinematics, this background is hard to reject completely. The largest background contamination is expected at small M 2 ππ values (M 2 ππ < 0.4 − 0.5 GeV 2 ). The efficiency of the track mass cut, as evaluated from MC, is ∼ 90%.
• definition of the angular acceptance. The polar angle of the two pion system, θ ππ , is calculated from the charged tracks. Two fiducial volumes for the analysis of π + π − γ events are defined: θ ππ < 15 o or θ ππ > 165 o (Small Angle analysis) and 55 o < θ ππ < 125 o (Large Angle analysis). In the following sections we discuss why these acceptance cuts are used.
Small angle analysis
A challenging task in the analysis of e + e − → π + π − γ events is the suppression of Final State Radiation (FSR) events, where the photon is emitted by one of the pions. Since an initial state photon is emitted preferably at small polar angles, while the polar angle distribution of the photon from Final State Radiation follows the pion sin 2 θ π distribution, the signal to background ratio changes considerably with the polar angle of the two pion system, θ ππ . Hence an adequate choice of the fiducial volume of θ ππ helps in the suppression of this background. The selection of events with θ ππ within a cone of 15 o around the beam pipe rejects almost completely FSR (from Monte Carlo the remaining contamination is expected to be smaller than 0.5%). Similarly the π + π − π 0 background is largely suppressed by these acceptance cuts.
In the small angle analysis the ISR cross section at the ρ resonance is very large, but the region M 2 ππ < 0.25 GeV 2 is kinematically not accessible.
Large angle analysis
In the large angle analysis the background conditions are worse: the FSR to ISR ratio can be of the order of 50% at large values of the two pion invariant mass. The π + π − π 0 contamination is also much larger than in the small angle region. Howewer, the selection of the hadronic system at large angles has the merit that the full energy range of the two pion, 4m 2 π < M 2 ππ < m 2 φ , can be explored. Since the photon emitted at large angles is detected by the electromagnetic calorimeter, more stringent kinematic constraints can be applied in this analysis.
Near the ππ threshold, where the three pion contamination is larger, the direction of the photon is very well reconstructed from the charged tracks. The matching between this direction and the one reconstructed from the electromagnetic calorimeter rejects most of π + π − π 0 background. Since at the threshold the radiated photon is very energetic and almost back to back to any of the pions, the FSR contribution is also negligible.
Effective cross section
We present here the result of the analysis of 22.6 pb −1 collected in 2000. 265200 events are selected in the small angle analysis. The π + π − π 0 contamination is extremely small (∼ 0.2%). 46715 events are selected in the large angle analysis, the contamination of π + π − π 0 is about 4% and is concentrated in the region M 2 ππ < 0.6 GeV 2 . In both cases the three pion background surviving the signal selection has been evaluated from Monte Carlo.
From the experimental distributions in M 2 ππ at large and at small angles we obtain two effective cross sections by subtracting the number of π + π − π 0 background events from the observed number of events and normalizing to the integrated luminosity, as in the following:
In the next sections we discuss the measurement of integrated luminosity at KLOE and show the comparison of the experimental effective cross sections with the corresponding Monte Carlo predictions.
Luminosity measurement
The DAΦNE accelerator does not have luminosity monitors at small angle due to the existence of focusing quadrupole magnets very close to the interaction point. The luminosity is therefore measured using Large Angle Bhabhas (55 o < θ +,− < 125 o , σ = 425nb). The number of LAB candidates are counted and normalized to the effective Bhabha cross section obtained from Monte Carlo. The precision of this measurement depends both on the understanding of experimental efficiencies and acceptances and on the theoretical knowledge of the process. The systematic errors arising from the LAB selection cuts are well below 1%. All the selection efficiencies concerning the LAB measurement (Trigger, EmC clusters, DC tracking) are above 98% and well reproduced by the detector simulation. The background due to µ + µ − γ, π + π − γ and π + π − π 0 is below 1%. KLOE uses two independent Bhabha event generators (the Berends/Kleiss generator 9 modified for DAΦNE 10 and BABAYAGA 11 ).
The very good agreement of the experimental distributions (θ +,− , E +,− ) with the event generators and a cross check with an independent luminosity counter based on e + e − → γγ(γ) indicates a precision of better than 1%.
More systematics checks (e.g. the effect of a varying beam energy and of a displaced beam interaction point) are underway.
Comparison with the Monte Carlo
We present in fig. 2 the effective cross sections obtained from the analysis at small and at large angles, as defined in Eq. 2. The solid line shows the predictions of our π + π − γ generator, EVA 3 , including the full detector simulation and the complete analysis procedure.
The selection efficiency has been evaluated basically from data, as said in sec. 2.1. In both analyses we obtain good agreement with the Monte Carlo. The effective cross section obtained at small angles with EVA has to be improved since the cross section (simulating only leading order and collinear radiation), diverges for θ ππ → 0. For a more realistic comparison the complete next to leading order generator is necessary. This generator is now available 4 and will be soon inserted in the KLOE detector simulation.
At large angles most of the errors come from background subtraction. More work is in progress for a better understanding of the π + π − π 0 contamination. We presented in this paper a preliminary measurement of dσ(e + e − → π + π − γ)/dM 2 ππ for M ππ < 1 GeV 2 using the radiative return method. The data sample corresponds to an integrated luminosity of 22.6 pb −1 . Two different analyses have been performed, one at small angles (θ ππ < 15 o or θ ππ > 165 o ) and one at large angles (55 o < θ ππ < 125 o ). The ρ resonance can be studied with high statistics in the analysis at small angles. The merit of this analysis is the very low contamination of π + π − π 0 background (∼ 0.2%) and the small contribution of Final State Radiation (below 0.5%). The analysis at large angles allows to explore the hadronic cross section down to the ππ threshold. At low M 2 ππ values stringent constraints on the kinematics can been applied to reject π + π − π 0 background, while the contribution of FSR is expected to be negligible. Both analyses show good agreement with the ρ parametrization of EVA. We conclude that the experimental understanding of efficiencies, background and luminosity are well under control. We further conclude that the analysis has demonstrated the great potential of the radiative return method to measure hadronic cross section.
In order to improve the accuracy of a µ and to be competitive with results coming from the CMD-2 experiment in Novosibirsk 12 , a final precision for this measurement below 1% is needed. KLOE has collected 175 pb −1 in 2001. With this data sample we can achieve an overall statistical accuracy on σ(e + e − → π + π − ) better than 0.3%. Furthermore more refined systematics studies can be done with the larger statistics available. An improvement in the knowledge of the radiative corrections to the process e + e − → π + π − and on the luminosity measurement is also expected thanks to the collaboration with different theoretical groups 4 5 11 .
